Relatively rapid methods for the determination of relative genome molecular mass (Mr) Several methods have been used to determine the relative molecular masses (Mrs) of bacterial genomes. Autoradiography (9) and electron microscopy (32) were the first methods to be used. Due to the difficulties of these procedures other methods were sought. Chemical methods (42) are unsatisfactory because the number of nucleotides per cell and the state of replication of the chromosome are difficult to determine (31). A different approach to the determination of genome molecular masses was developed by Britten and Kohne (8), in which the renaturation of single-stranded DNA (ssDNA) to double-stranded DNA (dsDNA) was used. This process was shown to follow second-order reaction kinetics (8, 48 quantitation of ssDNA, dsDNA, and plasmid DNA and have applied these methods to the determination of Cot values for bacteria, the measurement of genome molecular masses, and the measurement of plasmid copy number. The advantages and disadvantages of this system are compared with established procedures.
cleared lysates by comparing the integrated area under the phosphate buffer-eluted plasmid peak to values obtained with known amounts of plasmid. The plasmid copy number was estimated by multiplying the ratio between the amounts of plasmid and chromosomal DNA by the ratio between the Mr values of the chromosome and the plasmid. A copy number of 29 was obtained from a culture of E. coli HB101 harboring pBR322 grown to a culture density of 1.6 x 109 CFU * ml-'.
Several methods have been used to determine the relative molecular masses (Mrs) of bacterial genomes. Autoradiography (9) and electron microscopy (32) were the first methods to be used. Due to the difficulties of these procedures other methods were sought. Chemical methods (42) are unsatisfactory because the number of nucleotides per cell and the state of replication of the chromosome are difficult to determine (31) . A different approach to the determination of genome molecular masses was developed by Britten and Kohne (8) , in which the renaturation of single-stranded DNA (ssDNA) to double-stranded DNA (dsDNA) was used. This process was shown to follow second-order reaction kinetics (8, 48) . By using this approach, the Mr values of bacterial genomes have been calculated two ways. Britten and Kohne (8) calculated genome Mr from relative measurements of Cot1/2 (one-half of the reassociation as measured in moles of nucleotides times seconds per liter). Wetmur and Davidson (48) calculated genome molecular masses from the secondorder reaction rate constant (k2) and the Mr of the renaturing ssDNA.
Several methods have been used for the measurement of ssDNA reassociation, including: immobilization of DNA on agar (6) or nitrocellulose (17) ; digestion by ssDNA-specific nuclease (12) ; an optical method, based on the hyperchromicity of ssDNA over dsDNA (48) ; and separation of dsDNA from ssDNA by hydroxyapatite columns (28) . Hydroxyapatite columns offer a variety of advantages in renaturation studies (28) and have also been used to isolate extrachromosomal DNA (11, 26, 43) .
We have used a hydroxylapatite (HPHT) high-pressure liquid chromatography (HPLC) column for separation and * Corresponding author. quantitation of ssDNA, dsDNA, and plasmid DNA and have applied these methods to the determination of Cot values for bacteria, the measurement of genome molecular masses, and the measurement of plasmid copy number. The advantages and disadvantages of this system are compared with established procedures.
MATERIALS AND METHODS
Organisms and growth conditions. Escherichia coli B, a prototroph, was obtained from the culture collection in the Department of Microbiology at The Ohio State University, Columbus, Ohio. E. coli HB101 (pro leu thr recAl str lacY hsdM hsdR) harboring pBR322 was obtained from J. S. Lampel. E. coli strains were grown with vigorous shaking at 35°C in L-broth culture medium (5) that was modified by the omission of glucose and the reduction of sodium chloride to 0.5% (wt/vol). Ampicillin (50 ,g * ml-') and chloramphenicol (170 pug * ml-') were added when required. To obtain a high yield of plasmid DNA, plasmid pBR322 was amplified in the presence of chloramphenicol by the procedure described by Maniatis et al. (33 Beggiatoa alba B18LD has been described previously (34) and was grown at 30°C with rotary shaking at 150 rpm essentially as described by Strohl et al. (45) . The medium contained (per liter): 500 mg of sodium acetate, 250 mg of NH4Cl, 147 mg of CaCl2, 10 mg of MgSO4 * 7H20, 10 mg of K2HPO4, and 5 ml of a microelement solution (47 (45) . The trichome pellets were suspended in 45 ml of TE buffer, solid lysozyme was added to make a final concentration of 2 mg * ml-', and the mixture was incubated for 15 min at 37°C with occasional shaking. Trichomes were lysed by the addition of 1% SDS (final concentration) and the DNA was purified essentially as described for E. coli, with the addition of a CsCl purification step (33) . The purity of all DNA preparations was estimated by the ratio of A260 to A280. DNA with an A260/A280 ratio of 1.8 to 2.0 was considered pure enough for further analysis.
Preparation of DNA fragments. The DNAs used in renaturation experiments were sheared to ca. 500 base pairs. The DNA fragment sizes were monitored by 3.2% acrylamide gel electrophoresis with bacteriophage lambda digested with BglII restriction endonuclease as the molecular mass standard. E. coli B DNA was fragmented by blending (5) . All other DNAs were fragmented by sonication on ice for 5 min (10 30-s bursts) with a Branson Sonifier at a setting of 5. After fragmentation, the bacterial DNA solutions were filtered through a filter (pore size, 0.45 ,um) and adjusted to concentrations of 250 to 350 pug * ml-', and the T4 DNA solution was adjusted to ca. 150 ,g* ml-' with sterile 0.12 M sodium phosphate buffer (pH 6.8). The concentration of DNA was determined spectrophotometrically at a wavelength of 260 nm as described by Maniatis et al. (33) .
Preparation of purified plasmid DNA. After plasmid amplification, 1 liter of E. coli HB101 cells harboring pBR322 was harvested by centrifugation and lysed by the method of Holmes and Quigley (24) . Plasmid DNA was purified by centrifugation in cesium chloride-ethidium bromide gradients (33) . After extraction of the ethidium bromide with isopropanol, the plasmid solution was dialyzed against 0.12 M sodium phosphate buffer (pH 6.8). The purity of the plasmid was determined spectrophotometrically by using the ratio of absorbance at A260 and A280 (33) .
Chromatography and reassociation kinetics. Fragmented chromosomal DNA (average size, 500 base pairs) in 0.12 M sodium phosphate buffer (pH 6.8) was denatured at 100°C for 10 min and then placed into a 60°C water bath (7) Estimation of plasmid copy number. A 500-ml culture of E. coli HB101 harboring pBR322 was grown to a density of 1.6 x 109 cells ml-1'. A cleared lysate was prepared from 60 ml of this culture by the method of Guerry et al. (21) . The cleared lysate was made up of 6 M urea and 0.25 M sodium phosphate (pH 6.8). The urea-treated lysate was filtered (pore size, 0.45 pum), and a 200-,u portion was applied to the Bio-Gel HPHT column. The majority of the contaminating material (e.g., chromosomal DNA, RNA, and protein) was eluted at ambient temperature with a buffer of 0.25 M sodium phosphate with 6 M urea (pH 6.8) at a flow rate of 0.45 ml -min-' (26) . The plasmid was then eluted with a linear gradient of 0.01 to 0.4 M sodium phosphate.
A standard curve, correlating area under the plasmid peak to the amount of plasmid, was prepared by applying known amounts of purified plasmid onto the column and eluting with a linear gradient of 0.01 to 0.4 M sodium phosphate. The amount of plasmid in the experimental culture was determined with the standard curve, using the area under the plasmid peak. Total DNA was measured from a 200-ml portion of the culture by the diphenylamine reaction (16) 
RESULTS
Separation of ssDNA and dsDNA. The retention times on the HPLC hydroxylapatite column for ssDNA and dsDNA were approximately 12.5 min and 14.5 min, respectively (Fig. 1) . A small peak with a retention time of approximately 9 min was also eluted. This peak represented DNA of low Mr and accounted for less than 5% of the total area under all three peaks (Fig. 1 Figure 2 shows the log Cot curves obtained with T4, E. coli B, and S. coelicolor DNA. Both E. coli B and T4 showed typical reassociation curves displayed with DNA which contains only unique or nonrepeated nucleotide sequences. The reassociation profile of S. coelicolor DNA contained a skewed profile at the lower Cot values (Fig. 2) .
Separation of plasmid DNA. Figure 3 shows the purification of pBR322 from a cleared lysate with the Bio-Gel HPHT column. The majority of contaminating material was removed in ca. 15 min during the urea elution, thus enabling the plasmid to be separated with a 0.01 to 0.4 M linear phosphate gradient. The plasmid was eluted approximately 13.3 min after the initiation of the phosphate gradient (Fig.  3) .
Calculation of plasmid copy number. A standard curve correlating the integrated area under the plasmid peak to the amount of pure pBR322 plasmid is shown in Fig. 4 . The correlation coefficient of this linear relationship was 0.997. The culture of E. coli HB101 harboring pIR322 contained total DNA per ml pBR322 DNA per ml DISCUSSION The methods developed and used in this research are based on the ability of hydroxyapatite to separate ssDNA, dsDNA (7), and plasmid DNA (11, 26, 43) . This relatively standard procedure was expanded for use with HPLC by development of the HPLC HPHT column by Bio-Rad. Development of HPLC methods are advantageous because they are rapid, and combine qualitative separation with direct quantitation (via integration of peaks) of the separated products (e.g., ssDNA, dsDNA, plasmid DNA). Another HPLC technique for separation of ssDNA from dsDNA, in which a reverse phase column is used, has also recently been reported (30) .
The Cot value for T4 obtained using this HPLC procedure was 0.13, which is quite different from the 0.3 Cot value for T4 obtained by different procedures (50 (20) . Both of these groups used the initial optical renaturation rate method (19) . The Mr reported here for the E. coli B genome, gliding bacteria (29, 46, 47) . The beggiatoas have been considered to be related to Oscillatoria spp., mostly because of their striking similarities in morphology and life cycle (29, 46, 47 (22) . Recent data on the 5S ribosomal RNA of B. alba B18LD and other closely related beggiatoas indicate that they belong phylogenetically to group III of the purple photosynthetic bacteria (37) . This would place the beggiatoas phylogenetically very distant from the cyanobacteria (37, 44) ; therefore, the similarities in genome masses are coincidental.
The streptomycetes, organisms that undergo a complex morphological differentiation, have been reported to have genome masses of ca. 1.5 times greater than that of E. coli (20) . The Mr that we calculated for the S. coelicolor genome, 3 .28 x 109, is ca. 13% smaller than the value of 3.75 x 109 reported by Gjadek and Zakrzewska (20) , who used the initial renaturation method of Gillis et al. (19) . We consider this to be in reasonable agreement, especially considering the great differences in the techniques used. Benigni (18, 20) .
The reassociation profile of S. coelicolor DNA suggests the presence of repeated sequences (2, 7). Examples of highly amplified (reiterated) DNA sequences have been reported in several members of the genus Streptomyces (15, 35, 36, (38) (39) (40) . Repeated DNA sequences occur in other bacterial species (1, 27) ; however, very high levels of repeated sequences are unusual (15) . Caulobacter crescentus has been reported to have enough repeat sequences to show up in a Cot analysis (49) . Moreover, Antonov et al. (2) A copy number of 29 for pBR322 residing in E. coli HB101 agrees well with the accepted value of 30 (14) . Methods for estimation of plasmid copy number have often been unreliable and inaccurate. In this report, we found that the areas under the plasmid peak from a test culture varied by + 15%. We do not expect significant losses from the crude lysate procedure that we used. Recoveries of extrachromosomal DNA of 95% (11) and 99% (43) by using hydroxyapatite have been reported. In addition, less than 0.5% of chromosomal DNA was present in the purified plasmid preparation (11) . By the use of the standard curve, specific losses were probably eliminated. However, loss due to trapping of the plasmid in the chromosomal material in the preparation of the cleared lysate may have occurred.
This HPHT procedure described has potential advantages other than those described in this report. For example, it should be possible to combine HPHT separation of ssDNA and dsDNA with DNA-labeling procedures (e.g., nick translation with 32P-deoxy-CTP) to 
